Abstract-This paper deals with design and fabrication of graphene micro-Hall devices along with driving and processing electronics to construct a highly sensitive graphene magnetometer system. Graphene micro-Hall elements were fabricated by implementing microfabrication techniques. Custom driving and processing circuitry was designed and built on a printed circuit board and integrated with fabricated graphene Hall devices; reducing the offset equivalent magnetic field and greatly improving the sensitivity. The performance parameters were quantitatively analyzed for characterizing the sensitivity in terms of linearity, current-related sensitivity, and magnetic field resolution. The potential of graphene magnetometers for detection capability of low fields has been demonstrated with a current related sensitivity of 2540 V/AT and magnetic field resolution of 162 nT/ √ Hz.
I. INTRODUCTION

M
AGNETIC Sensors have been useful tools for human beings to drive, store, analyze and utilize in control systems. For example, magnetic storage disks in computers, non-contact reliable switches in airplanes and automobiles, and control systems in factories for reliable and higher productivity [1] . There are several forms of magnetic sensors in terms of their principle of operations and most commonly used classes can be listed as magnetoresistive [2] , superconducting quantum interference device (SQUID) [3] , spin-valve [4] , and Hall effect sensors [5] . There are examples with excellent sensitivity [6] , however implementation can be difficult due to specific requirements, such as fabrication difficulties, operating conditions and specific temperature requirements [1] .
Hall devices are commonly used magnetic sensors and they operate on the principle of the Lorentz force [5] . The advantage of developing Hall effect magnetic sensors is that they are relatively easy to fabricate when compared to the Manuscript received August 2, 2018; accepted September 18, 2018 . Date of publication October 1, 2018; date of current version November 13, 2018 . This work was supported by EPSRC under Grant EP/I015930/1 and Grant EP/K031953/1. This is an expanded paper from the IEEE SENSORS 2017 Conference. The associate editor coordinating the review of this paper and approving it for publication was Prof. Mehdi Javanmard. other magnetic device classes. More importantly, the ultimate goal of developing a sensor that can be commercialized with a translational application is achievable due to the ease of electronic integration. Devices based on the Hall effect have been investigated for more than a hundred years [5] with deployment in cars, planes, machine tools, computers and medical equipment [7] . The devices have led to a variety of applications [8] ; from antilock braking systems in vehicles, disk drives in computers to highly reliable position sensing with automated systems in factories. In the last decade, there has been a considerable number of reports utilizing the Hall principle for biosensing applications [9] - [15] . In terms of industrial importance, Hall devices are the most widely used magnetic sensor format [16] due to their ease of fabrication and implementation, small size and high linearity [17] .
Materials with high carrier mobility, low carrier concentration and narrow band gaps are desirable for Hall effect applications since these properties provide the exact characteristics for high sensitivity Hall devices [5] . In addition, reducing the material thickness provides an exceptional advantage since the charge carriers are confined, which produces a stronger force [8] .
Recently, graphene has become a material of interest for many applications. It is a one-atom thick nanomaterial consisting of carbon atoms formed in a hexagonal honeycomb shape [18] . There have been many reported studies for a wide range of applications [18] , [19] . The unique material properties of graphene make it a promising candidate for mechanical, electrical and optical systems [20] - [23] . Possessing ultrahigh carrier mobility [24] and being one-atom thick makes graphene a specifically unique material for Hall effect type applications [25] , [26] since charge carriers are constrained in a two-dimensional plane thus providing a higher sensitivity and an outstanding resolution. In addition, graphene is also an intrinsically low noise material [27] . Therefore, there has been a number of publications exploring the potential of graphene as a Hall sensor [28] - [32] where devices having superior sensitivities with lower noise were obtained. The sensitivity, linearity and temperature stability of graphene Hall effect sensors have been demonstrated to be incredibly better than commercially available Hall sensors [7] , [27] .
In general, it is relatively simple to integrate Hall devices with on-chip circuitry for actuation and read-out, however, this is not straightforward when using graphene materials. The theoretical sensitivity of the system reduces significantly during implementation -as demonstrated by a previous attempt to integrate Hall effect graphene devices on a CMOS chip [33] . In the reported work, the achieved sensitivity limit (200 V/AT ) is similar to silicon based Hall devices (310 V/AT ) [34] . This may be due to introducing defects in the graphene during the processing steps. Therefore, our research team revisited the concept in this work. The aim was to design and fabricate micro Hall effect graphene devices for use as high sensitivity magnetometers, whilst integrating it with the required biasing and read-out circuitry.
To address the issue, a bespoke circuitry was designed and constructed on a PCB board and integrated with the graphene Hall effect sensors for biasing and processing the output. The circuitry was used to correct the output by eliminating nondesired offset voltages and reducing noise levels thus providing an improvement on the sensitivity of the overall system. The ability of the devices and corresponding circuitry to detect low magnetic field ranges was assessed and performance of the devices compared with previously reported works.
II. FABRICATION Microfabrication process started by directly processing CVD grown graphene without any protective layer. To help better adhesion of the graphene to the Si/SiO 2 substrate and prevent any delamination, the samples were annealed at a temperature of 300°C under free flow of nitrogen for three hours. An array of single graphene Hall devices with an active area of 10 μm × 10 μm were fabricated on 5 mm × 5 mm dies using the following microfabrication process highlighted in Fig. 1 .
A photoresist layer was spin coated to cover a 4-inch silicon wafer containing a 285 nm surface oxide layer with a CVD grown and transferred graphene layer (Graphene Supermarket). Desired patterns were obtained by implementation of a lithography process. The wafer then underwent a dry etching process via oxygen plasma for 13 minutes to remove the graphene not protected by photoresist. After removal of photoresist, a similar lithography process was performed for defining the contacts. A 30 nm layer of chromium and 250 nm layer of gold were deposited with electron beam evaporation following the lithography steps. The desired contact patterns were formed after the lift-off. Lastly, the processed wafer was diced into 5×5 mm 2 dies which include 7 individual micro-Hall elements.
Devices having an active area of 10 μm × 10 μm were formed in a cross-like geometry as shown in Fig. 2 . The length to width ratio was designed to be greater than 3 in order to avoid weakening the Hall effect due to geometrical factor [5] . To assess the quality of the graphene, Raman spectroscopy measurements were performed. The Raman data, shown in Fig. 3 , was obtained after completion of the fabrication procedure. The peaks characteristic to graphene were assessed. A sharp 2D peak and quite small D peak were obtained with a calculated 2D/G intensity ratio of around 2.5 which indicates a high quality single layer graphene [35] . Although Raman spectrum confirms a generally high-quality film, it is evident from Fig. 2(a) that the fabrication process does introduce tears at certain locations in this graphene film. 
III. MEASUREMENT SETUP
The simple rule for obtaining a Hall voltage is to form at least four contacts on a thin sheet of metal or semiconductor. This is, in principle, sufficient for capturing any Fig. 3 . The Raman spectrum of graphene after the microfabrication process. Fig. 4 . Schematic of developed driving and processing circuitry for rotating the current between contacts and reading the output simultaneously. Current and voltage switching circuits are simultaneously operating with the help of a microcontroller and the output is amplified before being read by the data acquisition card. Then, the obtained output is filtered and visualized via a user interface created via LabVIEW. The entire system synchronously operates to provide a smooth elimination process.
Hall voltage which occurs due to the applied perpendicular magnetic field. However, Hall voltages are typically quite small and therefore require amplification. In addition, offset voltages may be significantly higher than the Hall voltage. The offset voltage is an undesired outcome that occurs due to contact misalignments or poor surface roughness and nonhomogeneous device structure [8] . This must be eliminated when forming a system with high sensitivity. Various options such as auto-zeroing, chopper stabilization and correlated double sampling are available [36] - [38] to be implemented for eliminating undesired effects. For this work, a 'current spin model' [39] was employed by designing and constructing a PCB circuit board to bias the devices and process the outputs. The schematic in Fig. 4 demonstrates the steps that were implemented for driving devices and reading the outputs.
Fundamentally, the current is driven from one of the contacts to a non-neighboring contact and simultaneously the produced output voltage is measured across the remaining two contacts (e.g. current flows from the top contact to the bottom and the voltage difference between left and right contacts is measured -see Fig. 2(a) ). In such a case, the produced output . Constructed system board PCB. The sensors can easily be mounted on the tongue shaped tip or can be remotely connected via specified pins provided. The on-board current biasing mechanism can be used for biasing the Hall elements. The PCB also allows a current source to be connected externally for biasing.
includes both Hall voltage (V H ) generated by applied perpendicular magnetic field (B y ) and offset voltage (V of f ). To be able to remove the offset voltage, the current flow is rotated 90°and passes through two new non-neighboring contacts whilst the voltage across the remaining contacts is measured. The current flows from left contact to the right contact and the voltage difference between bottom and top contacts are measured (see Fig. 2(a) ). In this case, the measured output includes Hall voltage subtracted by offset voltage. In order for a more robust elimination, this procedure continues for one complete cycle meaning that the current is driven between all contacts for a complete cycle following 90°rotation steps. Averaging the obtained outputs eliminates the offset and reveals the Hall voltage. A typical processed output of the device for one cycle is given in Fig. 5 . Each region indicated in the figure corresponds to the specific cases mentioned above, e.g., region 1 is the measured output between left and right contacts whilst the current flows from top to bottom.
The image in Fig. 6 shows the designed system built on a PCB board. The constructed PCB has an on-board constant current source, which can easily be adjusted from 1 μA to 10 mA and can bias the sensor in floating or grounded mode of operation. Due to the controllable sensitivity of graphene, an optional input for gate voltage was also included. Current and voltage switching mechanisms were connected to the current source and the amplifier along with the connections to device contacts. A microcontroller simultaneously manipulates the current rotation and output reading for various frequencies up to 50 kHz. Amplification was performed via a high-performance instrumentation amplifier (LMP8358).
The whole set-up was synchronized with a data acquisition card for obtaining the output and a LabVIEW interface was created for saving and analyzing the obtained data. The sensors can be integrated by being mounted on the board via the tongue shaped tip shown. Connections can also be made remotely using the relevant connection pins on the board. Assembling the driving and read-out system on a PCB is beneficial since there are challenges to integrate graphene on a single chip which encompasses all the electronic functionalities required for operation. As was demonstrated in a previous study [33] , the complexity and temperature requirements of fabrication makes it difficult to integrate the graphene devices with a chip having biasing and read-out functionality.
IV. RESULTS
Several micro-fabricated Hall elements with the same geometries, having length to width ratios of 3.5, were tested to observe the output characteristics of devices. Quantitative analysis was performed both under constant magnetic field with variable current and under constant current with variable magnetic field. The ability of detecting magnetic field change is one of the key parameters for determining the performance of Hall devices [5] . To achieve devices with the capability of low field sensing, the offset equivalent magnetic field needs to be optimized first. Reducing this parameter is important for sensitivity improvements and consistency. The offset equivalent magnetic field is defined as the ratio of offset voltage to the absolute sensitivity and given as:
where B of f stands for offset equivalent magnetic field and V of f represents offset voltage. S A represents the absolute sensitivity of a Hall device, one of the parameters used for sensitivity measurement, and it is given by the change in output voltage as a function of applied field under a certain biasing current. The latter term is given as:
As shown in Fig. 8 , a residual offset corresponding to an offset equivalent magnetic field value of 100 nT was obtained [40] . Eliminating this considerably increases the sensitivity of the devices. Table 1 presents the comparison of residual offsets between the developed circuitry and some of the reported methods. The results show the promise of developed system for offset reduction.
Together with detection capability, a linear performance is desirable for practical implementation of Hall effect devices. As seen from Fig. 9 the Hall voltage of fabricated graphene devices shows good linearity with respect to both applied field strength and driving current.
As seen from Fig. 9(c) , the fabricated sensors showed a highly linear behavior. The demonstrated highly linear response (R 2 > 0.99) is comparable with those reported in previous studies on graphene devices [7] , [33] , [44] . Current-related sensitivity, S I , is mostly used as a quantitative performance parameter for Hall devices. It is defined as the ratio of absolute sensitivity to applied current and given as:
where I X is the applied current value. For these devices, a maximum current related sensitivity of 2540 V/AT was obtained with no gate voltage applied. This current-related sensitivity is higher than the reported values shown in Table 2 .
As seen from Fig. 10 , the sensitivity varies across devices. The sensitivity variations across those devices can be explained by non-uniform adhesion of graphene to the substrate, defects and ruptures or residuals caused the by fabrication process [45] . Differences in the input resistances of devices may also play a role in sensitivity variations [46] . The sensitivity variation may seem to be contradictory to what Raman spectroscopy shows (Fig. 3) since a high-quality graphene film with low defect is presented. However, the sensitivity of devices would vary depending where the defect is located. For example, a low defect on the contacts region may not cause a considerable reduction in the sensitivity whereas a low defect on an active area would reduce the sensitivity incredibly. Nevertheless, thanks to the excellent electrical properties of graphene, fabricated devices with even the worst performance (323 V/AT) still provide better sensitivities compared to Si based competitors (310 V/AT) [34] . It is worth to note that the sensor-to-sensor variation could be calibrated by applying a gate voltage during the measurements. Because applying a gate voltage would cause a change in the density of charge carriers [47] which would consequently lead to a change in the sensitivity. This has already been demonstrated in a previous work [7] by increasing the sensitivity from 550 V/AT (applying no gate voltage) to about 1500 V/AT (applying a gate voltage of 10.5 V).
In addition of representing high sensitivity, graphene also has low noise intrinsically [48] . Having a combination of low noise and high sensitivity leads to devices with high resolutions. Magnetic field resolution is the parameter that is used for determining the minimum detectable field capability of the sensor and given as;
where, k B is the Boltzmann constant, T temperature, R s series resistance, R H Hall coefficient and f measurement bandwidth. The minimum detectable magnetic field parameter can also be determined according to (5) , where B min is the field resolution and V n represents the spectral density of the voltage noise.
The latter equation states that the resolution can be calculated by dividing the noise spectra by absolute sensitivity. To determine this value, the FFT tool of LabVIEW software was used to measure voltage noise spectra by adopting a National Instruments' data acquisition device (NI-DAQ USB-6211). The data of measured noise spectra (V/ √ Hz) was divided by absolute sensitivity, during the operation, to obtain the minimum detectable field (T/ √ Hz). Magnetic field resolution of the sensor with respect to frequency was obtained as shown in Fig. 11 . It is worth to note that the thermal noise is usually the dominant noise at high frequencies, therefore, the minimum detectable field can be defined by thermal noise region within a noise spectrum. That means the maximum achievable value within the thermal noise region is considered as the magnetic resolution of a device. As seen in Fig. 11 , the noise level decreases with respect to increasing frequency, representing a 1/f dependence. Around 2 kHz, the noise level is dominated by thermal noise only. A minimum field resolution of 162 nT/ √ Hz was extracted from fast Fourier transform measurements and this compares favorably to previous reported values given in Table 2 .
V. CONCLUSION
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